To examine the inhibitory effect of whole grain paddy rice diet (WPR) feeding on the colonization of Campylobacter jejuni in the cecum of broiler chicks, we performed the following examination. Sixty female broiler chicks (14 days of age) were allocated into two groups, thirty birds were fed a ground corn diet (GC) as a control group, and 30 chicks were fed WPR as an examination group. After feeding with the different diets for 16 days, six chicks were selected from each group (12 chicks in total), and each chick was inoculated with 2×10 3 colony-forming units of C. jejuni GTC03263. Forty-eight hours after the bacterial inoculation (the birds continued to be fed with the corresponding diets after the bacterial inoculation), the chicks (six from each group) were killed and dissected to detect bacterial colonization in the cecum. The other six chicks were dissected to weigh the chick gizzard and to measure the pH of its contents. No bacterial colonization was observed in the cecum of chicks in the WPR group, whereas bacteria were found in the cecum of five of six chicks in the GC group. The average ratios of gizzard weight to body weight of the WPR-fed chicks was significantly higher than that of the GC-fed chicks, whereas the average pH value of the gizzard contents was not different between the two groups. These results suggest that WPR feeding in broiler chicks has a positive effect on development of the gizzard muscle and grinding activity of the gizzard. Increased grinding activity may eliminate the regional differences in pH within the gizzard, resulting in less bacterial survival in the gizzard and then less bacterial colonization in the cecum of WPR-fed chicks than in GC-fed chicks.
Introduction
Campylobacter jejuni is one of the most serious pathogenic causes of food-borne gastroenteritis in humans, and the infection is a public health problem in many countries (Blaser, 1997; Silva et al., 2011) . Hermans et al. (2012) revealed that poultry is the most suspicious infection source for human food-borne gastroenteritis. Broiler chickens are commonly regarded as natural hosts for this zoonotic pathogen, and they are rarely infected at younger than 1 week old (most flocks become infected when they are 3-4 weeks of age, Evans and Sayers, 2000; Hermans et al., 2012) . Chickens have several natural barriers to infectious pathogens in the upper gastrointestinal tract. The crop contains lactic acid bacteria (Hilmi et al., 2007) . Meanwhile, the gizzard contains hydrochloric acid to facilitate digestion of the feed, and it may also have a sterilizing effect by which food pathogens are potentially killed in a time-dependent manner, in the acidic environment (Engberg et al., 2002) . In addition an ingredient of coarse particles such as whole wheat (Bjerrum et al., 2005) , coarsely ground corn, and whole triticale (Santos et al., 2008) have been reported to reduce the frequency of Salmonella infection in young broilers. The increase in the content of oat and barley hulls , as well as whole wheat and oat hulls (Skånseng et al., 2013) , in the feed delays the horizontal spread of C. jejuni in broiler flock. Bjerrum et al. (2005) suggested that the reduction in the frequency of Salmonella infection in birds fed a diet containing whole wheat was caused by the combinational effect of a lower pH and longer retention time of the pathogens in the gizzard. These aforementioned reports indicated that the whole grain or coarse particles in chicken feed play a role in preventing pathogenic bacteria from invading the chicken gastrointestinal tract.
Rice is the most staple grain in East and Southeast Asia, and dehulled rice and whole grain paddy rice are widely served to broiler chickens as an energy source. Whole grain paddy rice has particle size similar to that of whole wheat (Solà-Oriol et al., 2009), and it is covered with rice hull similarly as oat hull. The morphological similarities among whole grain paddy rice, whole wheat, and whole oat prompted us to investigate the inhibitory effect of feeding with a whole grain paddy rice diet (WPR) on pathogenic bacterial infection in broiler chicks. The report of feeding with dehulled rice and WPR has not been published from the viewpoint of their inhibitory effects on bacterial infection in broiler chicks. The objective of this study was to examine whether WPR feeding prevents the colonization of Campylobacter in the cecum, which is the principal site of Campylobacter colonization in the lower gastrointestinal tract of chickens (Beery et al., 1988; Stern et al., 1988; Meinersmann et al., 1991; Achen et al., 1998; Hermans et al., 2012) .
Materials and Methods

Animal Care
The procedures involving animals and their care conformed to the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan, 2006).
Chick Rearing and Feeding
Sixty 1-day-old female broiler chicks (chunky) had been raised in a flock rearing area, which was approximately 2 m 2 and spread out with sawdust, in a windowless broiler house. The rearing area temperature was controlled at 34℃ on the first day of rearing and gradually lowered to 25℃ until the chicks reached 14 days of age. After 15 days of age, the room temperature was kept between 20 and 25℃. The chicks were given a starter feed until 14 days of age (Table  1) . This feed contained ground corn that had been crushed into particles of less than 1.4 mm in size (68.5% as a weight ratio). On day 14, the chicks were allocated into two groups, ground corn diet (GC) fed group or WPR fed group, of which the main ingredients were 75% ground corn and 65% whole grain paddy rice, respectively (Table 1) . Ground corn was supplied by Yao Feed Co., Ltd, Osaka, and whole grain paddy rice (Momiroman) was obtained from Kyoto Prefectural Agriculture Experiment Station. The particle size distribution of ground corn, GC, whole grain paddy rice, and WPR was determined by the dry sieving method as summarized in Table 2 . The feedstuffs of the feed did not con- Nishii et al.: Inhibitory Effect of Paddy Rice Feeding tain any antimicrobials or coccidiostats. All chicks had free access to feed and water throughout the trial. The duration of light exposure was controlled continuously until 7 days of age, and the duration of light exposure was 20 h per day after the birds reached 8 days of age. During the experiment birds' feed intake and body weight were measured weekly.
Measurement of Weight of the Gizzard and pH of Its Contents
At 28 days of age, 12 chicks from each flock were randomly selected and weighed, and then they were killed by suffocation with CO 2 gas. The gizzard of each bird was removed and incised with surgical scissors. Then, the contents of the gizzard were removed and added to two volumes of deionized water, and the mixture was mixed using a vortex mixer for 1 min in a 50-ml centrifuge tube. The pH of the diluted gizzard contents was measured using a glass pH meter (9615-10D, HORIBA) twice for each sample. The remained gizzard was washed with water, and empty gizzards were weighed.
Inoculation and Bacterial Count in the Cecum
At 25 days of age, six chicks were selected from each flock and caged in three experimental cages (two chicks per cage). The birds were fed with their corresponding feed during this time. Before the bacterial inoculation, the cloaca of each chick (30 days of age) was determined to be free of Campylobacter spp. using the cloacal swab method. C. jejuni GTC 03263 was pre-cultured on brain heart infusion agar (Nissui Pharmaceutical Co., Ltd) at 42℃ for 48 h under microaerophilic conditions (85% N 2 , 10% CO 2 , and 5% O 2 ). One platinum loop of the pre-cultured bacteria was suspended in 5 ml of sterilized saline (suspension contained approximately 1×10 8 colony-forming units [cfu] /ml) and serially diluted in sterilized saline to a final concentration of 2×10 3 cfu/ml. Twelve chicks (30 days of age) in the experiment cages were inoculated with 2×10 3 cfu of C. jejuni. The inoculation was performed individually for each bird via the crop instillation of 1 ml of the bacterial suspension using a 1-ml syringe with an attached flexible tube.
Forty-eight hours after the inoculation (chicks were 32 days of age), all chicks were killed by suffocation with CO 2 gas. The cecum was removed, and the contents were transported into 15-ml tubes individually and kept in an icebox for 2 h before bacterial detection.
One gram of the cecum contents removed from the chicks was suspended and mixed with a dilution solution for anaerobes (composition in 1000 ml of purified water: KH 2 PO 4 , 4.5 g; Na 2 HPO 4 , 6.0 g; L-cysteine hydrochloride, 0.5 g; Tween 80, 0.5 g; agar, 1 g; Mituoka, 1994) , and then the suspension was plated onto modified charcoal cefoperazone desoxycholate agar (CCDA) plates (Oxoid, Basingstoke, United Kingdom). CCDA consisted of a Campylobacter blood-free selective agar base (Oxoid CM739) with Campylobacter selective supplement (Oxoid SR155) and Campylobacter growth supplement (Oxoid SR084). The plates were incubated at 42℃ under microaerophilic conditions (85% N 2 , 10% CO 2 , and 5% O 2 ) for 48 h. One gram of the remaining cecum contents was added to 10 ml of Preston broth (Oxoid) and cultured at 42℃ for 24 h. One platinum loop of the Preston broth was then plated onto a CCDA plate. The plates were incubated at 42℃ under microaerophilic conditions (85% N 2 , 10% CO 2 , and 5% O 2 ) for 48 h. Some colonies suspected to be C. jejuni on the plate were isolated and incubated on blood agar base no. 2 (Oxoid) containing 5% defibrinated horse blood. The isolated colonies were confirmed to be C. jejuni using standard microbiological methods (International Standards Organization, 2006) , including Gram stating, catalase and oxidase tests, specific spiral morphology, and corkscrew motility observed by phase-contrast microscopy.
Statistical Analysis
Statistical comparison of the average values of the chicks' body weight, the ratio of the removed gizzard weight to the chick body weight was performed using Student's t-test. The comparison of the pH values of the gizzards was also performed using Student's t-test (two-sided). The incidence of Campylobacter infection in the chicks was analyzed by Fisher's exact test. P-values less than 0.01 were considered statistically significant. Both tests were conducted using Microsoft Excel 2010 add-in software. Table 3 shows chicks' feed intake and body weight during the experiment. Statistical analysis showed that there was no significant difference between the two groups in initial and final body weight. Table 4 presents the average gizzard weight/100 g body weight ratios of the WPR-and GC-fed chicks (mean±SD) at 28 days of age. Statistical analysis (t-test) revealed that the gizzard weight/body weight ratio of the chicks fed WPR was significantly higher than that of the chicks fed GC (p＝ 0.00031). Table 4 reveals that average pH values of the contents of the gizzard were not different significantly between the two groups (p＝0.21458). Table 5 shows the results of the detection of Campylobacter in the cecum of chicks inoculated with bacteria followed by feeding with WPR or GC. Campylobacter was not detected in the cecum of WPR-fed chicks, whereas Campylobacter was detected and identified in the cecum removed from five of six chicks in the GC group. Statistical analysis revealed a significant difference in the incidence of Campylobacter infection between the different feeds (p＝0.00758).
Results
Discussion
The gizzard is a muscular organ that reduces the particle size of ingested foods and mixes them with digestive enzymes (Duke, 1986) . The inclusion of whole wheat, coarse ground maize, oat hulls, barley hulls, and wood shavings in poultry diets have been demonstrated to modify the upper gastrointestinal tract, resulting in increased gizzard weights (Svihus, 2011) , as coarse feed particles need to be ground to a certain critical size before they can exit the gizzard (Svihus, 2011) . Concerning the size of particles that can exit the gizzard, Hetland et al. (2002) reported that the majority of the particles entering the duodenum are smaller than 100 μm, even when considerable amounts of whole wheat or coarse cereal particles are added to the diet. Regarding the application of the whole grain paddy rice as a coarse particle ingredient to modify the weight of the gizzard, Sittiya and Yamauchi (2014) and Kita and Okuten (2013) reported whole grain paddy rice feeding in Sanuki Cochin and young chickens, respectively, and observed that the gizzard of chicks fed whole grain paddy rice developed better than that of chicks that were not fed whole grain paddy rice. In this study, we found that the average gizzard weight/body weight ratio of the chicks fed WPR was significantly higher than that Nishii et al.: Sample ND: no detected colonies; ＋: one or more colonies; −: no colonies. 1 Thirty-day-old broiler chickens were inoculated with 2×10 3 cfu of Campylobacter jejuni, and after 48 h, Campylobacter specimens in the cecum contents were cultured. 2 Diluted cecum samples were plated onto modified charcoal cefoperazone desoxycholate agar (CCDA) plates and incubated for 48 h at 42℃ under microaerophilic conditions. 3 Cecum samples were cultured in Preston broth for 24 h at 42℃, and one loopful of broth was plated onto CCDA agar and incubated for 48 h at 42℃ under microaerophilic conditions. 4 Positive/total samples. a, b p＜0.01. of the chicks fed GC, which indicates that WPR feeding in broiler chicks has a positive effect on the development of gizzard of chicks.
As the gizzard is a muscular organ, it is reasonable to suppose that the more gizzard developed, the more gizzard has grinding activity. It is, however, unclear whether enhancement of the gizzard grinding activity promoted by the feeding of coarse feeds affects the pH of its contents. Gabriel et al. (2003) , and Engberg et al. (2004) reported lower pH values in the gizzard contents of birds fed whole wheat, oat hulls and soy hulls (Jiménez-Moreno et al., 2009b) , oat and barley hulls (Sacranie et al., 2012) , oat hulls and sugar beet pulp (Jiménez-Moreno et al., 2009a; , and oat hulls, soybean hulls and sugar beet pulp (Mateos et al., 2012) , whereas Hetland et al. (2002) , González et al. (2008) , Jacobs et al. (2010) , and Singh et al. (2014) reported that no significant effect of the feeding of coarse feeds on the pH of gizzard contents. In this study, we found no significant difference the gizzard content pH between WPR and GC-fed chicks, and this result was similar to Hetland et al. (2002) , González et al. (2008) , Jacobs et al. (2010) , and Singh et al. (2014) .
Concerning the pH of the gizzard contents of chicks, which influence the possibility of the bacterial survival in the gizzard, the optimum pH for the growth of C. jejuni is 6.5-7.5, and the bacterial cell numbers significantly decrease when the pH falls below 4.0 (Jackson et al., 2009) . In this study, we found that the pH of the gizzard contents were 2.96 and 3.15 in the gizzard fed WPR and fed GC, respectively, which indicates that the dosed Campylobacter could be exposed to the bacterial extinction pH level in the both case. However, no bacterial colonization was observed in the cecum of chicks in the WPR group, whereas bacteria were found in the cecum of five of six chicks in the GC group. In this connection, Walk et al. (2012) examined the pH in the gizzard as determined via the direct insertion of a pH probe into the proximal and distal gizzard of broiler chickens fed a low-calcium (0.64%) diet and found that the pH values of the proximal and distal gizzard contents were 1.85 and 2.44, respectively. This report indicates that there is regional difference in pH of the gizzard contents. Here, we speculate that the non-uniformity pH in the gizzard could be diminished if the activity of the gizzard is sufficient to mix and homogenize the contents well and ensure pH levels to prevent invasion of the pathogen. We need, however, further experiments to clarify the relationship between the grinding activity of the gizzard and the homogeneity of gizzard pH.
In this study, we found that the gizzard of chicks fed WPR developed more than chicks fed GC and no bacterial colonization was observed in the cecum of chicks in the WPR group, whereas bacteria were found in the cecum of five of six chicks in the GC group. From these results we can propose a hypothesis that may explain our present results; well-functioning gizzard of chicks fed WPR may enhance the probability of "sterilization" of the inoculated Campylobacter by the uniform (homogeneous) low pH in the gizzard, in contrast, not-well-functioning gizzard of chicks fed GC could not mix the contents sufficiently well to make uniform low pH in the gizzard.
In conclusion, WPR feeding in broiler chicks has a positive effect on the development of the gizzard muscle and then grinding activity of the gizzard. Increased grinding activity may eliminate the regional differences in pH within the gizzard, resulting in less bacterial survival in the gizzard and less bacterial colonization in the cecum of WPR-fed chicks than in GC-fed chicks. This result suggests that the gizzard has an important barrier function to prevent pathogenic bacteria from entering the lower intestinal tract via the cooperative action of the activity of the gizzard and the pH of its contents.
